We present the imaging and spectroscopic study results of G290.1-0.8 Supernova Remnant (SNR) using the Suzaku X-ray archival data. The SNR belongs to the mixed-morphology class with its centrally peaked asymmetric X-ray core and distorted radio shell-like plasma. The X-ray spectra is well defined with isothermal plasma of kTe ∼ 0.5
Introduction
Supernova remnants (SNRs) are structures that result from the explosive end of massive stars. Heavy elements are produced and spread into the interstellar medium by these cosmic laboratories. Based mainly on their radio morphology, SNRs have been classified as shell-type and crab-type. A different type of morphology is also observed as crab-like at the center and shell-type on the outside [1] . These mixed-morphology SNRs such as W44, W28, and 3C391 have center-filled thermal X-ray and shell-like radio morphologies [2] . G290.1-0.8 is one of the mixed-morphology galactic SNRs [3] . It was first discovered in a radio sources survey by Mills, Slee, and Hill [4] and named after their initials as MSH 11-61A. This radio SNR was identified by a faint smooth ring as optical counterpart by CTIO (Cerro Tololo Inter-American Observatory) 4m telescope [5] . Following the radio observations at 408 MHz [6] and 5-8 GHz [7] , the SNR was classified as shell-type with an angular size of 15 × 10 arcmin 2 . The Australia Telescope Compact Array (ATCA) H I line and 20 cm radio continuum observations showed the complex gas distribution and the dynamics of G290.1-0.8 [8] . G290.1-0.8 was first studied in X-rays at the Einstein Observatory as part of an SNR survey [9] . A centrally bright morphology was reported in the study. Later, Slane et al. [3] analyzed The Advanced Satellite for Cosmology and Astrophysics (ASCA) Observatory GIS data and showed that the X-ray emission was of thermal nature and classified the remnant as a mixed-morphology SNR. The XMM-Newton and Chandra analysis results emphasized the asymmetrical structure of G290.1-0.8 [10] . They also reported that the SNR was formed by a core collapse of a high-mass progenitor with a bipolar wind. Suzaku data analysis results demonstrated that the center and the northwest of the SNR plasma was recombining, while the other parts of it were ionizing [11] . A further multiwavelength study of gamma-ray and Fermi-LAT Suzaku X-ray showed that the γ -ray emission was hadronic in nature and the X-ray emission was coming from the shock-heated plasma [12] . Although the morphology is well defined and there are no G290.1-0.8 data that have not been virtually untouched, no elemental abundance distribution map had been conducted for the SNR so far. Therefore, we had a strong motivation to search for the spatial profile for the metals within the G290.1-0.8 plasma in order to understand the ejecta geometry and the relations between γ -ray/X-ray/radio plasma.
In this paper, we aimed to investigate the spatial distribution of elemental abundances of G290.1-0.8 using the equivalent width mapping technique [13] . For this purpose, we used the archival Suzaku data, which had a good energy resolution for our study. We also revisited the GeV γ -ray properties of G290.1-0.8 using the Fermi-LAT data. The observations and data reduction steps are described progressively. In Sections 2 and 3, gamma-ray and X-ray analysis results are reported in detail. In Section 4, the equivalent width maps are explained. We discuss the nature of the ejecta and the elemental abundance distributions in Section 5.
Gamma-ray analysis
The large effective area and wide field of view of the Large Area Telescope on board the Fermi Gamma Ray
Space Telescope (Fermi-LAT) [14] allow the detection and analysis of the gamma-ray emission from pulsars or pulsar wind nebulae. We used the archival data from In Figure 1 , we generated a 5.5
• × 2.5
• γ -ray count map in units of counts degree −2 centered at • .8 around the SNR. The crosses and the ellipses indicate the positions of the Fermi-LAT sources and associated errors, respectively. The tilted square at the center represents the Suzaku field of view for G290.1-0.8 observation. The location of ICG J11014-6103 is plotted as the white X, which is a supersonically traveling neutron star [15] . There is no detected neutron star associated with the SNR in the literature, and ICG J11014-6103 is a bit far ( ∼10 arcmin) to relate clearly. The image was adaptively smoothed in order to highlight the γ -ray emission in the vicinity. It is clearly seen that G290.1-0.8 is located in a very complicated portion of the γ -ray sky. The number of the Fermi-LAT sources around the SNR is noticeably high. The three sources 2FGL J1104.7-6036, 2FGL J1105.6-6114, and 2FGL J1059.3-6118c are exceptionally close to G290.1-0.8, within the vicinity of ∼ 1
• distance. There is no evident physical relation between the Fermi-LAT sources and G290.1-0.8 as also noted in the previous studies [16] . The composite raw image was constructed using the data from XIS0, XIS1, and XIS3 in 0.3 − 10 keV energy band. The image corners were masked due to irradiation of the 55 Fe calibration source. In order to highlight the X-ray features, the contours were plotted after being smoothed by a Gaussian kernel of σ = 10 pixels and logarithmically spaced by a factor of 1.4, starting from 23.2 counts cm −2 s −1 . The regions of source and background for spectral analysis are indicated with elliptical annulus and dashed red circle, respectively. Right: Suzaku FI-XIS chip spectrum of G290.1-0.8 plotted against energy of 0.5-6 keV. The prominent lines are Ne, Mg, Si and S, as noted.
Data analysis

Observation and data reduction
We downloaded the Suzaku archival data of G290.1-0.8 from the Data Archives and Transmission System (DARTS)
1 . The SNR was observed on 25 June 2011 for 110.6 ksec with the X-ray Imaging Spectrometer (XIS)
[17] detectors on Suzaku. The XIS is composed of four CCD cameras: XIS0, XIS2, and XIS3 have frontilluminated (FI) sensors and XIS1 has a back-illuminated (BI) sensor. The entire imaging area of the XIS2 was lost in 2006 November 2 because of the damage by a possible micrometeorite. Therefore, we used XIS0, XIS1, and XIS3 throughout the analysis. HEAsoft tools version 6.18 was used for the data reduction and analysis. We reprocessed the archival data with CALDB 4.6.7 calibration database. For extracting the images and spectra, we used Xselect version 2.4c. We combined 3 ×3 and 5 ×5 event files using xis5x5to3x3 and version 2.4c of Xselect.
X-ray imaging analysis
We show the raw XIS mosaic image of G290.1-0.8 in the 0.3-10.0 keV band in Figure 2 , left panel. The corner of the CCD chip illuminated by the 55 Fe calibration source is excluded from the image as seen by clippings. In order the highlight the plasma emission, we overlaid the contour levels after smoothing by a σ =10 Gaussian kernel. The contours are logarithmically spaced by a factor of 1.4, starting from 23.2 counts cm −2 s −1 . It is evident that the plasma emission is center-filled with X-ray, which is elongated in the NW-SE direction in the outskirts. Thus, we extracted the source spectrum from an elliptical rather than a circular region. The radial profile is also defined by five elliptical-annular rings (in green). The dashed red circle at the left corner with 1.7 arcmin represents the background region. Background-subtracted source XIS spectra in the 0.5-6 keV is shown in Figure 2 , right panel. The strong prominent lines are Ne, Mg, Si, and S, as clearly seen. To determine any possible relation between different wavelength emissions from the SNR field, we also generated a three-color RGB image by using the optical image in red, radio image in blue, and X-ray band image in red, as shown in Figure 3 There is no definite optical source related with the structure. The three-color RGB image clearly shows the mixed-morphology with center-filled X-ray plasma (blue) and radio shell (green).
Spectral analysis
In the spectral analysis, we used Xselect to extract the source and background photon counts. For each region, we created a redistribution matrix and effective area files using the tasks xisrmfgen and xissimarfgen, respectively [19] . The spectral modeling was performed by Xspec version 12.9.0 [20] . We adopted the solar abundances of Wilms, Allen, and McCray [21] . Throughout the present study, all uncertainties correspond to the 90% confidence level. The background (BG) photons were extracted from a circular source-free region at the corner chip.
The BG emission was modeled, and then a fake BG file was created by fakeit in Xspec to be used in the source spectral analysis. The overall BG model includes the Galactic ridge X-ray emission (GRXE), foreground thermal emissions (FE), and the cosmic X-ray background (CXB) (see e.g. [22] and the references therein).
Since G290.1-0.8 covers a large portion of the XIS FoV, the BG photons were extracted from a nearby blank X-ray pulsar 1E1048.1-5937 region in a similar study [11] . The local BG model parameters in our work are consistent with those reported in [11] ; GRXE spectra as the sum of high-temperature plasma (HP kT ∼7 keV) and low-temperature plasma (LP kT ∼1 keV), FE optically thin thermal plasma ( kT ≤1 keV), and CXB power-law ( Γ =1.4). Thus, we applied the BG model as described extensively in [11] .
G290.1-0.8 diffuse plasma emissions were fitted into various models: VMEKAL, VNEI, VPSHOCK, and VRNEI, each modified by a galactic absorption model (TBABS). Free parameters are the electron temperature, kT e ; the ionization time τ , where τ is electron density times the elapsed time after the shock heating, n e t . The elemental abundances of O (=C=N), Ne, Mg, Si, and S were set as free parameters. Abundances of the other elements were fixed to the solar values. The Recombining Plasma (RP) code VRNEI model provides a substantially improved fit for annular sections yielding a reduced χ 2 ν ≤1.2 for the spectral values, which is also reported in [11] . The overall plasma in the large elliptical region (see Figure 3) is modeled by both Isothermal Plasma (IP) and RP models; however, χ 2 ν values do not allow us to discriminate clearly. Figure 4 . The X-ray spectra from G290.1-0.8 annular regions from XIS0 (black), XIS1 (red), and XIS3 (green). Histograms correspond to RP best-fit models as described in the text.
The best-fit spectra and parameters for the RP fits and IP fit (for overall Ellipse) are shown in Figure 4 and Table 1 . The XIS0, XIS1, and XIS3 data were fit simultaneously in the energy range 0.7-5 keV, which are extracted from the annular rings. The spectra are well modeled with a low-temperature plasma kT e ∼0.55 keV, which does not vary much radially, and the elemental abundances are over-solar value. The radial profile of the atomic emission lines gives critical information to help understand the nucleosynthesis yield of the core-collapse progenitor stars. In Figure 5 , we show the radial elemental abundance pattern for Ne, Mg, Si, and S normalized by the value of Si. The different colors represent the results from the radial rings, which are labeled as R1 to R5. The ratio of Ne/Si and Mg/Si are relatively less than S/Si. This abundance pattern is expected from a core-collapse progenitor star of M <30 M ⊙ [23] . A similar pattern was also reported for the NW region in a previous study [11] . Therefore, G290.1-0.8 elemental abundances can be described by a progenitor star nucleosynthesis yield of mass of 20 ∼25 M ⊙ . The radial profile analysis results give crucial information about the plasma but the spatial information of the elemental abundances is very limited. Hence, in the following section, we try to locate the prominent elements in the SNR plasma. 
Equivalent width maps
G290.1-0.8 ejecta is a metal abundant and its X-ray spectra shows strong emission lines of heavy elements. The prominent lines are clearly seen in Figure 2 , right panel. The SNR plasma is crowded with Ne K α , Ne He α , Ne Ly α , Mg Kα , Si Kα 1 and Si K α 2 , and S Kα 2 and S K α 1 . The energies of X-ray emission lines for these elements are given in Table 2 . The emission line strengths are often given as equivalent widths (EW) [24] . The EW maps reveal complex elemental structures and implies dynamics within the SNR. The reliability of EW maps are tested in detail on the oxygen-rich SNR G292.0+1.8 from Chandra data [25] .
The EW of any line feature is given by
where I ν is the total observed intensity including the line, and I
• ν is the continuum intensity without the line in the respective energy bands. The analysis routine for EW map construction was described in [25] . Figure 6 shows constructed EW images by selecting photons around the broad-line emissions ( Table 2 ). The SNR spectra exhibits two broad-line features for Ne (He α at ∼0.93 keV and Ly α at ∼1.05 keV), as also seen in a young galactic SNR G292.0+1.8. The images were created by 0.89-1.10 keV in blue, 1.20-1.49 keV in red, 1.6-2.0 keV in orange, and 2.2-2.7 keV in purple energy photons in order to represent the total observed intensity including Ne, Mg, Si, and S lines, respectively. The X-ray contour levels are overlaid on the color-coded adaptively smoothed images. The green structure represents the radio emission at 843 MHz. The abundance distribution asymmetries and inhomogeneities are evident.
Results and discussion
The archival Suzaku data of G290.1-0.8 were analyzed in order to define the heavy element distribution within the vicinity. The SNR is located in a very dense portion of the gamma-ray sky as shown in Figure 1 . Based on the gamma-ray analysis, the emission is best described by a hadronic model [12] . G290.1-0.8 plasma is very rich in heavy elements as clearly seen by the raw source spectra in Figure 2 , right panel.
The SNR has a center-filled X-ray and shell-like radio structure, which classifies it as a mixed-morphology SNR (Figure 3) . The radial X-ray spectra are modeled with a relatively homogenous thermal plasma of kT ∼0.5 keV and additional nonthermal origin with a photon index between 1.8 and 3.0 (Table 1) . We further investigated the radial abundance distribution for Ne/Si, Mg/Si and S/Si, and found that the pattern can be described by the nucleosynthesis yield of core-collapse progenitor stars with a mass of 20 ∼25 M ⊙ ( Figure 5) . A similar finding was reported only for the NW plasma [11] .
We presented EW maps for the elemental abundances of Ne, Mg, Si, and S (Figure 6 ), which allows us to determine the regions of enhanced metallicity in the SNR. The spatial distribution of the elemental abundances are shown in the EW maps for Ne, Mg, Si, and S ( Figure 6 ). The maps show asymmetrical inhomogeneities, which is inherently usual in supernova explosions. In some SNR, the emission traces the ejecta distribution (as in the case of Cas A [26] and G292.0+1.8 [25] ), and in some others, the emission is dominated by interstellar material (as in the case of PKS 1209-51, CTB 109, and Puppis A [27] . The northeast of the SNR G290.1-0.8 is bright in Ne, Mg, and Si. Mg and Si images look very similar. An arclike feature has been observed in the Si EW map of the SNR N40 and described as the edge of hot plasma reheated by reverse shock [28] . Similarly, as in the case of IC 443, the Si arc structure is interpreted to support the scenario of an intense reverse shock, propagating back into the remnant [29] . There is a clump in the east of Si and Mg map in this work (bottom-left in Figure 6 ) located on the edge of the X-ray contour elongation, which strengthens the hypothesis of a possible reverse shock. The EW maps are enhanced in a slight elongation in the same (east to northwest) direction with the X-ray brightness contours, suggesting that these distorted X-ray structures are dominated by the ejecta. Recently, the ejecta asymmetries were systematically measured for 18 galactic SNRs to understand the complex X-ray morphologies [30] . The study concluded that neutron stars, formed in some core-collapse SN explosions, are preferentially moving opposite to the bulk of the X-ray emission, supporting the hydrodynamic-kick scenario [31] .
Although there is no reported point-like object as a neutron star associated with G290.1-0.8, a supersonically traveling source ICG J11014-6103 was reported at the southwest of the SNR [15] , which is a bit far (7 ± 1 kpc [8] ) to describe a relation conclusively. In the literature, there are distant ( >10 arcmin) neutron stars associated with SNR asymmetries such as W44 and MSH 15-56 [30] . However, one cannot totally exclude a similar scenario for G290.1-0.8. Based on the analysis results of this work, we conclude that the asymmetric ejecta, which is dominated by a core-collapse 20 ∼25 M ⊙ progenitor star, is associated with an undetected neutron star at the southwest, unless ICG J11014-6103 is related to the main body SNR.
